Aims/hypothesis In the UK, more than one million people have undiagnosed diabetes and an additional five million are at high risk of developing the disease. Given that early identification of these people is key for both primary and secondary prevention, new screening approaches are needed. Since spouses resemble each other in cardiometabolic risk factors related to type 2 diabetes, we aimed to investigate whether diabetes and cardiometabolic risk factors in one spouse can be used as an indicator of incident type 2 diabetes in the other spouse. Methods We analysed data from 3649 men and 3478 women from the English Longitudinal Study of Ageing with information on their own and their spouse's diabetes status and cardiometabolic risk factors. We modelled incidence rates and incidence rate ratios with Poisson regression, using spousal diabetes status or cardiometabolic risk factors (i.e. BMI, waist circumference, systolic and diastolic BP, HDL-and LDL-cholesterol and triacylglycerols) as exposures and type 2 diabetes incidence in the index individual as the outcome. Models were adjusted for two nested sets of covariates. Results Spousal BMI and waist circumference were associated with incident type 2 diabetes, but with different patterns for men and women. A man's risk of type 2 diabetes increased more steeply with his wife's obesity level, and the association remained statistically significant even after adjustment for the man's own obesity level. Having a wife with a 5 kg/m 2 higher BMI (30 kg/m 2 vs 25 kg/m 2 ) was associated with a 21% (95% CI 11%, 33%) increased risk of type 2 diabetes. In contrast, the association between incident type 2 diabetes in a woman and her husband's BMI was attenuated after adjusting for the woman's own obesity level. Findings for waist circumference were similar to those for BMI. Regarding other risk factors, we found a statistically significant association only between the risk of type 2 diabetes in women and their husbands' triacylglycerol levels. Conclusions/interpretation The main finding of this study is the sex-specific effect of spousal obesity on the risk of type 2 diabetes. Having an obese spouse increases an individual's risk of type 2 diabetes over and above the effect of the individual's own obesity level among men, but not among women. Our results suggest that a couples-focused approach may be beneficial for the early detection of type 2 diabetes and individuals at high risk of developing type 2 diabetes, especially in men, who are less likely than women to attend health checks. Data availability Data were accessed via the UK Data Service under the data-sharing agreement no. 91400 (https://discover. ukdataservice.ac.uk/catalogue/?sn=5050&type=Data%20catalogue).
Introduction
Early identification of individuals at high risk of developing type 2 diabetes or with undiagnosed type 2 diabetes is key for the primary and secondary prevention of type 2 diabetes and related morbidity. Randomised controlled trials have provided proof of concept that type 2 diabetes can be prevented or postponed in individuals with impaired glucose tolerance through a healthy diet, increased physical activity and weight loss [1, 2] . In individuals with recently diagnosed diabetes, early glycaemic control [3] and attention to cardiovascular risk factors [4, 5] can reduce diabetes-related complications and comorbidities, such as retinopathy, neuropathy and cardiovascular disease. In the UK, approximately 1.1 million people are thought to have undiagnosed diabetes, and a further five million impaired glucose regulation [6, 7] . However, a relatively low proportion (7.5%) of those with impaired glucose regulation are aware of their risk status [8] .
Current screening recommendations for type 2 diabetes in the UK focus predominantly on an individual-level risk assessment based on age, sex, ethnicity, weight, hypertension and family history of type 2 diabetes [9] , often implemented as part of a more general health check [10] . Diabetes screening programmes recruiting people based on such individual risk levels have non-response rates of 25-70% or higher [10, 11] , and non-participation tends to be higher in people at the highest levels of background risk such as men, overweight individuals and people from lower strata of socioeconomic status (SES) [11, 12] . Although the English National Health Service 'Health Check' programme has improved overall attendance rates and participation among older people and those from more deprived socioeconomic groups [10, 12] , participation is still lower among men compared with women, and in lower socioeconomic groups as compared with higher socioeconomic groups [12] . In Denmark, it has been suggested that responding to and participating in a health check is a powerful marker of healthy self-selection. Thus, 10 year all-cause mortality among participants in a health check was 44% lower/27% lower than in people who were either invited but did not respond or not invited at all, respectively [13] . These findings clearly show the need for alternative approaches for the early identification of people at high risk of type 2 diabetes or with undiagnosed type 2 diabetes who might not be identified by or willing to participate in the current individual-focused screening programmes. Given that studies have shown that spouses resemble each other in cardiometabolic risk factors such as plasma glucose [14] , lipids [15] , BP [15, 16] , measures of obesity [17, 18] and, to some extent, type 2 diabetes [16, [19] [20] [21] , spousal cardiometabolic risk factor levels could be a novel entry point to identify individuals at risk of type 2 diabetes or with undiagnosed diabetes, especially among those who are unlikely to attend regular screening or health checks. Therefore, the overall aim of this study was to investigate whether an individual's risk of developing type 2 diabetes is affected by the cardiometabolic risk factor levels in their spouse and, thus, if individuals at high risk of developing type 2 diabetes can be identified by their spouse's cardiometabolic risk factor levels.
Methods
We analysed data from the English Longitudinal Study of Ageing (ELSA) cohort. ELSA has collected economic, social, health and biological data from eight waves of participants between 1999 and 2015. Participants were sampled from 3 years of the Health Survey for England (1998, 1999 and 2001) to form wave 0 in ELSA. Details of the original sampling framework in ELSA have been published previously [22, 23] . Ethical consent was obtained for all waves of ELSA and all participants gave informed consent to take part in the study [22, 23] .
For the present study, ELSA wave 0 served as baseline for the main analysis. To be included in the present study, the index individual was required to fulfil two criteria at baseline: (1) to be a core member of ELSA (in ELSA, participants born before 1 March 1952 were considered as core members); and (2) to share a household with a spouse (same ELSA household ID). We defined a spouse as: (1) the opposite-sex person the index individual reported to be their spouse; or (2) a nonsibling, opposite-sex cohabitant with an age difference of less than 18 years living in the same household. According to this definition, out of 11,205 ELSA wave 0 core members, 7909 index individuals lived together with a spouse. We extracted information on our main outcome, type 2 diabetes incidence of the index individual, up to ELSA wave 7 (data collected in 2015). Type 2 diabetes status was either self-reported (waves 0-7) or screen-detected based on fasting plasma glucose (≥7.0 mmol/l) or HbA 1c (≥48 mmol/mol [6.5%]) at waves 2, 4 and 6. Participants leaving the cohort (death or nonattendance) were censored at their last visit. Owing to the ELSA inclusion criteria regarding age, incident diabetes was diagnosed after age 45 years. Therefore, we used the term 'type 2 diabetes'.
Baseline information on age, sex, ethnicity (white/nonwhite), employment grade as a proxy for SES (the highest reported grade at the couple level was used for both spouses) and spouse's diabetes status were obtained through questionnaires, while body height and weight (used to calculate BMI), waist circumference, and systolic (SBP) and diastolic BP (DBP) were measured during a clinical examination (see electronic supplementary material [ESM] Methods and ESM Table 1 ). We excluded index individuals with prevalent diabetes at baseline (n = 372; 230 men and 142 women) and those with missing data on age, SES at couple level or race/ethnicity (n = 16; eight men and eight women), or with missing information about their spouse's diabetes status or related risk factors (n = 394; 111 men and 283 women). Consequently, our final baseline sample included 7127 index individuals (3649 [51%] men and 3478 women) (ESM Fig. 1 ), of whom 5740 (81%) were included as both an index individual and spouse in the respective sex-stratified analyses. Spouses born after 1 March 1952 did not have follow-up data and thus were not included as index individuals in our analysis. However, these spouses might have contributed exposure data, because we only used spousal risk factor levels from baseline.
For analyses of LDL-cholesterol, HDL-cholesterol and triacylglycerol levels in the spouse as exposures for incident type 2 diabetes in the index individual, we used a subsample consisting of 4300 individuals (2174 men [51%] and 2126 women) as lipid measures were not included in ELSA before wave 2 (year 2004-2005) .
Statistical analysis
We used Spearman's Rank correlation coefficient to test the statistical dependence between the same cardiometabolic risk factor in the two spouses. We used Poisson regression models with log person-years as offset and the follow-up period cut into 1 year age bands to model incidence rates (IRs) and to assess incidence rate ratios (IRRs) of type 2 diabetes in a sex-stratified analysis [24] . Our main exposures of interest were the following cardiometabolic risk factors in the spouse at baseline: diabetes status (type not specified), obesity (BMI and waist circumference), SBP and DBP, and lipid levels (LDL-cholesterol, HDL-cholesterol, triacylglycerols). All exposures, except diabetes, were considered as continuous measures. We explored non-linear associations between the continuous exposures and the outcome by including cubic spline terms. If this did not improve the model fit, we retained only the linear term.
All models were adjusted for age, ethnicity and SES (model 1). As a next step, models with continuous exposures were further adjusted for the index individual's own value of the respective spousal exposure variable (model 2). Models including BP or lipid levels were also adjusted for BP-and lipid-lowering medication, respectively. To compare spousal cardiometabolic risk factors, we fitted the models after standardising the exposure variables. Statistical significance was inferred at p < 0.05. All statistical analyses were conducted using R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria) and the Epi R package (version 2.24) [25] .
Results
Baseline characteristics of the index individuals stratified by sex are summarised in Table 1 . The cohort was predominantly of white race/ethnicity, of middle and high SES, overweight and with a median SBP close to 140 mmHg. In general, men (index individuals) were slightly more obese (median difference 0.6 kg/m 2 ; p = 0.05) and 2 years older than their wives (p < 0.001). Four per cent of the couples were not married.
At baseline, Spearman correlations between the same risk factor in the wife and the husband were: BMI 0.17; waist circumference 0.24; SBP 0.21; DBP 0.12; LDL-cholesterol 0.11; HDL-cholesterol 0.17; TG 0.20 (p < 0.001 for all tests).
In the main analysis, the median follow-up time was 11.5 years (Q1-Q3 5.5-15.0 years). During follow-up, 452 men and 315 women were diagnosed with type 2 diabetes. The incidence of type 2 diabetes was 12.6 per 1000 personyears (95% CI 11.5, 13.8) in men and 8.6 per 1000 personyears (95% CI 7.7, 9.6) in women. The proportion of incident cases based on self-reported diabetes (i.e. participants who reported that their diabetes had been diagnosed by a doctor) was 68%. Table 2 .
Regarding overweight/obesity, the associations exhibited different patterns for men and women. Among men, the risk of type 2 diabetes increased steeply with their wife's BMI, and the association remained statistically significant even after adjustment for the man's own BMI level (Fig. 1a) . For example, the risk of a man developing type 2 diabetes increased by 6% for every 1 kg/m 2 increase in his wife's BMI (Table 2) .
Furthermore, a man whose wife had a BMI of 30 kg/m 2 had a 21% increased risk (IRR 1.21 [95% CI 1.11, 1.33]) of diabetes compared with a man whose wife's BMI was 25 kg/m 2 , regardless of the man's own BMI (Fig. 1c) . The same 21% risk increase was associated with a 1.6 kg/m 2 difference in the man's own BMI (equivalent to a 5 kg/m 2 difference in the wife's BMI).
Among women, there was an initial indication of increased type 2 diabetes risk in relation to the husband's BMI, but the incidence curve flattened out after adjustment for the woman's own BMI (Fig. 1b) . These findings were consistent with the associations between a spouse's waist circumference and the incidence of type 2 diabetes in the index individual (Fig. 2a,  b) . The standardised analysis comparing the effect of a 1 SD difference in the wife's BMI or waist circumference showed that the magnitude of the effect on the incidence of type 2 diabetes in men was similar for overall and central obesity, both in the model without (IRR Fig. 3f ), even after adjustment for the woman's own triacylglycerol level.
Discussion
The results of our study show that spousal BMI and waist circumference are associated with type 2 diabetes risk in the index individual. For men, the type 2 diabetes risk was only partly explained by the man's own obesity level; for women, the relationship disappeared when the woman's own obesity was accounted for. Except for the triacylglycerol levels in the husband, similar associations with diabetes risk in the index individual were not found for spousal diabetes, BP or cholesterol.
In line with a retrospective study from the Framingham cohort in the USA [20] , we did not find that diabetes in the spouse was associated with a clearly increased risk of type 2 diabetes in the index individual. In contrast, a Swedish prospective study including more than 3.5 million families and 3296 incident cases of type 2 diabetes that found a 32% higher risk of developing type 2 diabetes in individuals with a spouse with type 2 diabetes [19] . In addition, a US insurance-based study with more than 200,000 individuals found an 11 times higher risk of diabetes in individuals with a spouse diagnosed with the same disease within the last 3 years [26] . A metaanalysis of five studies, including the Swedish one, found similar results [21] . However, the results were statistically non-significant after excluding the Swedish study, although the point estimate still indicated a 33% higher risk of diabetes. The much lower number of individuals with new type 2 diabetes in the Framingham cohort [20] and in our own study (both n < 770) may partly explain why neither was able to replicate the findings from the much larger Swedish and US studies [19, 26] . In addition, however, cross-sectional studies have reported inconsistent findings with respect to the statistical significance of the risk of type 2 diabetes among individuals whose spouses have the disease [15, 16, 27, 28] .
The relationship between spousal obesity and the development of type 2 diabetes is supported by two studies from the USA that found that spousal overweight [26] or obesity [20, 26] (defined based on BMI) increased the odds of type 2 diabetes in the index individual. These studies did not look at the association by sex. Our finding that spousal obesity but not spousal type 2 diabetes is a risk factor for the development of type 2 diabetes may be explained by a combination of the aetiology of type 2 diabetes and theories of spousal similarities in risk factors for type 2 diabetes. Theories of spousal similarities in risk factors for type 2 diabetes can be classified into two Models including BP or lipids were also adjusted for any related medical treatment (yes/no) a n varies across risk factors as not all individuals had all measurements main components: non-random mating and convergence over time [29] . The first theory refers to individuals seeking a partner based on phenotype similarity or phenotypic preference; for example, people finding a partner with a similar body composition or activity pattern, or partners preferentially meeting in socioeconomically stratified environments such as the workplace or educational institutions. The second theory suggests that, over the course of the relationship, spouses converge and become similar due to 'social contagion'; for example, a couple will eat the same diet or jointly engage in similar physical or sedentary activities. Thus, two potentially phenotypically similar people may meet and converge further in health-related behaviours over time, leading both individuals to develop risk factors for type 2 diabetes, such as obesity. However, they may not both develop type 2 diabetes as they might have different underlying physiological predispositions for the disease. Spousal resemblance in obesity is supported by our study and other studies [18, 30] , and by results from a US study in which having a spouse who became obese almost doubled an individual's risk of also becoming obese [31] . Consequently, spousal obesity as a risk factor for the development of type 2 diabetes may simply reflect such spousal obesity resemblance, which seems to be the case among the women in our study: the association between spousal BMI and type 2 diabetes risk diminished in women after adjusting for their own BMI. In contrast, for men, the wife's obesity status was associated with type 2 diabetes incidence beyond the effect of the man's own obesity level. The same risk increment of incident type 2 diabetes was associated with a threefold larger difference in the spouse's BMI than in his own. It is conceivable that the wife's obesity level might be a proxy for other shared unhealthy behaviours, such as physical inactivity, which is a strong risk factor for type 2 diabetes [32, 33] even in absence of overweight/obesity [34] . Studies are inconsistent in terms of spousal similarities in physical activity [16, 29, 35] . Nevertheless, one study showed that inactive women are more likely to have an inactive spouse compared with inactive men [16] . Another factor that might explain why the wife's obesity status is a stronger risk factor for incident type 2 diabetes than the husband's is that, in this cohort, women's dietary preferences may exert a higher degree of influence over the spouse's diet than vice versa. In a US study, women were up to five times more likely than men to be responsible for planning and preparing meals and shopping for food [36] . Thus, the wife's food choices may influence what the husband eats to a higher degree than vice versa, at least in the home setting. If this is an unhealthy or unbalanced diet, both the wife's and the husband's risk of type 2 diabetes may be influenced, and thus the joint risk of developing type 2 diabetes. Trials of dietary or general lifestyle intervention have shown that the spouses of people randomised to lifestyle modification also benefit in terms of improved diet and weight loss [37, 38] . However, dietary intake or composition in the home setting may differ from food intake outside the home. Given a woman's higher likelihood of being the food decision-maker in the home setting, it could be speculated that a woman's eating patterns outside the home setting might mirror the pattern at home, whereas a husband's food preferences outside the home might be very different. Thus, if a husband's unhealthy food intake originates from outside the home setting, these choices might not influence the wife's risk of type 2 diabetes. Couples with a higher resemblance in poor food diet score have been shown to also have a stronger resemblance in BMI changes over time than couples with discordant diet scores [31] . Unfortunately, the data available in ELSA did not allow us to examine these explanatory mechanisms directly.
It could be argued that a spousal resemblance in dietary patterns might, to a certain extent, be mirrored in a spousal resemblance in blood lipid levels and BP. Although the present study showed a consistent spousal resemblance of moderate strength in cardiovascular risk factors, only triacylglycerol levels in the husband were associated with an increased risk of type 2 diabetes in the wife. However, the relationship between triacylglycerols and insulin resistance and diabetes risk is currently classed as 'likely non-causal' [39] .
It is possible that sex differences in the metabolic phenotype most closely associated with diabetes risk explain this sex-specific finding [40] , but we have not been able to examine this in further detail in the current study.
The novelty and main strength of our study was that we examined the sex-specific effects of spousal risk factors along their entire continuum. We also investigated to what extent an association is explained by a person's own risk factor level. In the present study, diabetes status at baseline was self-reported, which may have influenced the weak relationship between spousal diabetes and incident type 2 diabetes in the index individuals, as a meta-analysis has reported that spousal diabetes concordance is lower when diabetes status is selfreported [21] . Furthermore, we only analysed spousal diabetes and cardiometabolic risk factors measured at baseline. These factors might have changed during the follow-up, and couples might have separated. However, according to the theory of non-random mating [29] , the increased type 2 diabetes risk linked to spousal obesity is likely to be carried forward even after divorce or widowhood.
In conclusion, the risk of incident type 2 diabetes among older English residents is associated with their spouse's obesity level. This suggest that a couples-focused approach may be beneficial for the early detection of individuals with type 2 diabetes and those at high risk of developing type 2 diabetes, especially men (who are less likely than women to attend health checks). Thus, when healthcare professionals encounter an overweight or obese middle-aged to older person, even without knowing the spouse's weight, attention should be given to the spouse as he/she may be at elevated risk of type 2 diabetes.
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